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INVESTIGATION  OF  BOND  IN  REINFORCED  CONCRETE  BEAMS 

INTRODUCTION 

Purpose  of  Tests:  The  purpose  of  these  tests  was  to  give  additional 
information  concerning  the  bond  in  reinforced  concrete  beams.  Some 
attention  has  also  been  given  to  the  diagonal  stresses  in  the  beams 
tested . 

Scope  of  Investigation;    The  tests  described  in  this  thesis  were  a 
part  of  the  vrork  of  the  University  of  Illinois  Engineering  Experi- 
ment Station,     This  v;-ork  is  a  continuation  of  the  study  of  the  bond 
between  concrete  and  steel  which  was  undertaken  in  1909*     The  thesis 
of  ?J.  Y/.  Manspeaker  and  A.  W.  7/and,  presented  June,  1912,  described 
an  earlier  series  of  tests  of  a  similar  kind. 

The  beams  were  ^  in.  wide  and  12  or  l4  in.   in  depth;  10  in.  be- 
ing the  depth  to  the  center  of  the  steel.     In  general  the  reinforce- 
ment GonsiBted  of  a  single  bar  of  large  size;   in  a  few  of  the  tests 
four  smaller  bars  were  used.     The  reinforcing  bars  were  straight 
throughout  their  length.     Both  plain  and  deformed  bars  were  used. 

A  large  percentage  of  reinforcement  was  used  in  order  that  bond 
failures  or  diagonal  tension  failures  might  be  produced  without  over- 
stressing  the  steel.     The  span  v/as  6  f  t .  in  all  cases,  and  the  load 
was  applied  at  th'B  third  points.     No  web  reinforcement  v/as  used  as  it 
was  desired  to  study  the  relation  of  the  diagonal  tension  resistance 
and  bond  in  beams  without  web  reinforcement. 

Tests  were  also  made  to  determine  the  effect  of  the  repetition 
of  the  load  which  caused  beginning  of  slip  of  the  ends  of  the  re- 
inforcing bars , 

Some  of  the  beams  were  made  with  a  4  in.  thickness  of  concrete 
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"below  tho  roinforcing  bars,  which  Ib  much  groat  or  than  usual.  T?io 
purpose  of  thece  teote  was  to  study  the  effect  on  the  bond  strength 
of  tho  ^'.reater  resistance  to  web  failures  wliioh  these  beams  were  ex- 
pected to  show. 

Three  beams  were  made  by  placing  the  reinforcing  bar  with  its 
center  2  in.  below  the  top  of  the  beam.       In  the  tests  these  bears 
wore  turned  over  and  loaded  in  the  usual  way.     It  was  the  purpose  of 
these  tests  to  study  the  bond  resistance  of  bars  which  are  near  the 
top  of  a  beam  when  it   is  cast. 

In  a  number  of  the  tests , measurements  were  made  of  the  amount 
of  slip  of  the  bar  at  different  points  of  its  length  as  the  load  was 
applied  to  tho  boam. 

In  order  to  compare  the  bond  resistance  in  beams  with  that  of 
bars  imbedded  in  a  miass  of  concrete,  comparison  pull-out  tests  were 
made  on  bars  imbedded  in  ^  in.  cylinders  of  concrete.  6  in.  cubes 
and  g  X  l6  in.  cylinders  were  made  from  the  same  concrete  for  com- 
pression tests. 

The  test  specimens  include  twenty-eight  beams  reinforced  with 
in.,  ^  in.  plain  round  bars,  and  1-g  in.  corrugated  bars.  Sixty- 
six  pull-out  specimens  were  made  and  tested  for  a  corrparison  of  their 
bond  stresses  to  those  developed  in  the  beams.  Thirty  6  in.  cubes 
and  fourteen  o  x  16  in.  cylinders  were  made  and  tested  to  determine 
the  compressive  strength  of  the  concrete. 

TEST  PIECES 

Materials  Used;     Universal  Portland  cement  was  used  in  making  the 
concrete.  It  was  from  the  same  shipment  of  cement  used  in  the  speci- 
mens of  1911-1912.     Tests  of  the  cement  are  given  in  Table  I. 

The  sand  was  torpedo  sand  from  Attica,  Indiana •     It  was  of  good 
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quality,  clean,  and  woll  graded.     A  mechanical  analyois  of  five  oam- 
ples  in  given  in  Table  II. 

The  Btone  was  limestono  from  I'^nkakee,   IlllnoiB,  v/hich  is  repre- 
sentative of  that  used  at  the  Engineering  Experiment  Gtation  of  the 
University  of  Illinois.     The  stone  is  from  the  same  lot  as  that  used 
in  the  apeciniens  made  in  191 1-1912.     A  table  from  the  thesis  of  YJ.V.'. 
Manspeaker  and  A.  W.  Wand,  presented  June,  1912,  giving  the  mechani- 
cal test  of  the  stone  is  given.     (See  Table  III) 

Concrete:     The  concrete  v/as  mixed  in  a  9  cu.  ft.  batch  mixer,  manu- 
factured by  the  Marsh-Capron  Campany,  Chicago,   Illinois.     All  materi- 
als T:ere  proportioned  by  loose  volume  but  weights  were  recorded  in 
order  to  secure  a  check  on  the  amount  of  material  in  each  batch.  ¥en 
experienced  in  mixing  and  making  test  pieces  were  employed  in  the 
work.     The  mixing  was  continued  for  about  5  minutes  after  the  last  of 
the  concrete  material  was  placed  in  the  mixer.     The  batch  was  then 
discharged  on  the  concrete  floor  and  later  removed  to  the  forms. 
Generally  enough  concrete  was  mixed  in  one  batch  to  make  two  test 
beams  and  the  corresponding  auxiliary  specimens.     Medium  steel  was 
used  and  as  it  was  not  expected  that  the  steel  stresses  would  be  high 
no  tests  on  the  reinforcing  bars  are  reported  in  this  thesis. 

MAKING  BEAMS  AND  MINOR  TEST  PIECES 

Beams ;     All  beams  were  2  in.  wide.     The  total  depth  was  12  in.  except 
in  those  in  which  an  additional  thickness  of  concrete  was  placed  be- 
low the  steel.     The  length  was  6  f t .   6  in.     The  depth  to  the  center 
of  the  steel  was  10  in.  in  all  cases.     The  beam  reinforcement  consist- 
ed of  one  11-in.  plain  round,  one  11 -in.  corrugated  round,  or  four 
-in.  plain  round  bars  laid  horizontally. 

The  beams  were  made  in  bottomless  wooden  forms,  placed  on  a 
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ohoet  of  heavy  building  paper.       Concrete  was  placed  around  the  bar 
and  tamped.      The  .^orm  v;a8  then  filled  in  layers  of  about  4  in.  and 
tampod  and  apaded  to  insure  a  good  compact  concrete  and  to  fill  all 
the  corners.     Beams  having  4  in.   of  concrete  below  the  reinforcement 
and  those  having  four  ^  in.  bars  v^rere  made  in  much  the  same  manner, 
except  that  the  reinforcing  bars  were  supported  in  place  by  wires 
nailed  to  the  top  of  the  form.     Three  beams  were  made  with  the  steel 
2  in.  below  the  upper  surface.     The  forme  were  removed  at  the  end  of 
7.  days.     Table  IV  gives  a  list  of  the  beams  made,  with  the  reinforce- 
ment in  each. 

Three  pull-out  specimens  were  made  from  each  batch  by  placing 
concrete,   in  an  ^  in.  cylinder  ^  in. long,  around  a  bar  similar  to 
that  used  in  the  corresponding  beams.     The  bar  projected  about  ^  in. 
above  and  about  16  in.  below  the  surface  of  the  concrete  as  the  speci- 
men was  made.  The  concrete  was  tamped  into  the  form  until  it  was  full, 
thus  the  same  conditions  were  obtained  as  in  making  the  beams. 

One  S  X  16  in.  cylinder  and  three  6  in.  cubes  were  made  from 
each  batch  of  concrete.  Metal  forms  were  used  for  all  minor  specimens. 
Storap;e  of  Test  Specimens:     All  forms  were  removed  7  days  after  the 
placing  of  the  concrete.     The  beams  were  left  on  the  laboratory  floor 
in  the  position  in  which  they  were  made  for  about  4  or  5  weeks.  They 
were  then  piled  in  tiers  of  3  or  4  beams  until  the  time  of  testing. 

The  pull-out  specimens  were  stored  in  open  air.     The  beams  and 
pull-out  specimens  were  wet  with  water  from  a  hose  each  day  during  the 
storage  period.     The  cubes  and  cylinders  were  covered  with  damp  sand. 

FORMULAE 

Computations  of  Stress  in  Beams;     The  unit  bond  stress  was  determined 

by  means  of  the  equation  u  =      —  ,  where 

mod  * 


V  =  total  end  ohoar  duo  to  tho  applied  load, 
m  =  number  of  bars. 
0  =  perimeter  of  one  bar, 
d'  =  arm  of  resisting  moment  of  the  beam, 
d'  varies  with  the  amount  of  reinforcement.     Asniunlng  the  ratio  of  the 
moduli  of  elasticity  of  steel  to  concrete  to  equal  15  the  values  for 
the  depth  of  the  neutral  axis  were  taken  from  Fig.  S  of  Bulletin  TTo.A 
of  the  University  of  Illinois  Engineering  Experiment  Station.  From 
these  values  d'  was  computed  by  the  formula  d*  =  d  -  jKd 
where  d'  =  arm  of  the  resisting  moment. 

d  =  effective  depth  or  depth  of  the  center  of  the  steel 

below  the  top  of  the  beam. 
K  =  ratio  of  the  depth  to  the  neutral  axis  to  the  effec- 
tive depth  of  the  beam. 
The  values  used  are  given  in  Table  VII. 


The  stress  in  the  reinforcement  vias  found  by  the  formula  f g=^,  j 


where , 

M  =  bending  moment. 
f„  =  unit  stress  in  steel. 

A  =  area  of  steel, 
d*  =  arm  or  resisting  moment. 

1  1 

The  bending  moment  of  a  beam  loaded  at  the  -7  points  is  equal  to  -7  Wl 

3  5 

where  Y/  =  applied  load. 

1  =  span  length. 

The  vertical  shearing  unit  stress  in  the  beam  was  found  by  means  of 
the  equation 

where  V  =  total  end  shear. 

V  =  unit  shear. 
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b  =  width  of  beam. 


d'  =  effective  depth  of  the  beam 


The  unit  bond  otress  in  the  pull-out  specimens  is  found  by  the 


formula 


where , 


u 


u 


oh 

average  unit  bond  stress. 


0 


perimeter  of  the  bar. 


h 


the  length  of  embedment. 


P 


total  load  applied  to  bar. 


METHODS  OF  TESTING 

Beams:     All  the  beams  were  tested  in  an  Olsen .  testing  machine  having 
a  capacity  of  200000  pounds.     In  preparing  the  beams  for  the  tests 
the  sides  were  white  washed  so  that  cracks  developing  with  the  loading 
could  be  readily  detected  and  traced.     The  ends  of  the  reinforcing 
bars  were  exposed  so  that  measurements  could  be  obtained  of  the  end 
slip  of  the  steel.     The  bean  was  supported  in  the  machine  on  rocker 
bearings,  an  iron  plate  being  placed  on  the  rockers  and  a  cushion  in- 
serted between  the  beam  and  the  plate  to  eliminate  any  irregularities 
in  the  surface  of  the  concrete  and  thus  get  an  even  bearing.      An  I- 
beam  transferred  the  load  from  the  compression  head  to  two  rollers 
which  rested  on  plates  and  cushions  over  the  third  points  arranged  in 
the  same  way  as  these  on  the  rocker  bearings.     The  end  slip  was  meas- 
ured with  Ames  extensomet ers .     These  instruments  were  graduated 
direct  to  indicate  a  movement  of  0.001   in.  but  readings  could  be  esti- 
mated to  0.0001   in.     They  were  attached  to  the  ends  of  the  beam  by 
means  of  metal  yokes  in  such  a  manner  that  the  plunger  of  the  exten- 
somet er  rested  against  the  end  of  the  reinforcing  bar. 


The  beams  in  which  the  slip  at  the  intermediate  points  was  raeas- 
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ured  had  oxtensometerB  along  the  bottom  of  the  beam  an  well  as  at  the 
end.     Thoao  were  fastened  to  a  bracket  which  was  attached  to  the  beam 
with  plaster  of  paris  in  such  a  v;ay  that  the  plungor  of  the  instru- 
ments rested  against  steol  plugs  which  had  been  screwed  into  threaded 
holes  tapped  in  the  bar  before  the  beam  was  made.     The  bracket  was 
notched  so  that  tho  part  which  adhered  to  the  beam  was  in  the  same 
cross  plane  as  the  plug  thus  the  slip  was  taken  over  a  zero  gage 
length.     The  method  of  attaching  the  instrument  is  shown  in  Fig.  1  . 
On  several  of  the  beams  measurements  of  the  bulging  of  concrete  below 
the  reinforcing  bars  were  taken.     The  instruments  were  fastened  in  the 
same  manner  as  those  used  to  measure  end  slip,  the  plunger  resting  on 
the  concrete  directly  under  the  bar.     The  deflection  measurements  were 
obtained  by  the  use  of  a  wood  deflection  bar  2  in.  deep,  1^  in.  wide 
and  6  f t .  6  in.  long.     At  the  middle  of  this  bar  an  Ames  extensometer 
was  attached,  and  at  either  end,  3  ft.  from  the  center,   iron  points 
were  fastened  to  keep  the  bar  clear  of  the  beam  and  to  give  fixed 
points  for  its  support.     This  bar  was  clamped  to  the  side  of  the  beam. 
A  small  metal  bracket  was  attached  to  the  center  of  the  depth  of  the 
beam  vrith  plaster  of  paris  and  rested  against  the  plunger  of  the  ex- 
tensometer so  that  any  deflection  of  the  beam  would  be  recorded  on  the 
dial.     Before  the  test  was  begun  the  instruments  were  set  at  zero,  the 
readings  checked,  and  the  machine  balanced  at  zero  so  that  only  the 
applied  load  would  be  indicated  during  the  test. 

The  m.achine  head  had  a  movement  of  .04  in.  per  min.  Readings 
were  taken  of  all  instruments  at  increments  of  2000  lb.  load  on  the 
beams,  and  the  cracks     caused  by  these  loadings  were  noted  and  mapped 
on  the  beam.     Notes  were  made  as  to  the  manner  of  failure  of  each  bean 

In  the  repeated  load  tests,  the  load  which  caused  the  first  sli^ 
at  the  end  of  the  bar  v/as  removed  and  reapplied  alternately  until  the 


beam  failed.     Readings  were  taken  at  zero  loading,  and  then  vrhon  the 
load  wan  reapplied.     These  readings  were  taken  at  evnry  loading  for 
about  10  repetitioriD,  then  as  the  amount  of  olip  per  repetition  leso- 
enod  the  loads  wore  applied  5  to  20  times  before  readings  were  again 
taken.     A  summary  of  all  beam  tests  is  given  in  Table  VIII. 
Pull-out  Tests;     In  making  the  pull-out  tests  a  100000  lb.  Riehle 
testing  machine  having  a  movement  of  0.05  in.  per  min.  vms  used.  The 
bearing  face  of  the  specimen  was  placed  on  a  machined  plate  having  a 
hole  in  its  middle,  through  which  the  bar  passed  and  was  caught  in  the 
grip  of  the  pulling  head  below.     This  plate  rested  on  a  hemispherical 
bearing  block  which  rested  on  the  weighing  head  of  the  machine.  The 
hemispherical  bearing  permitted  a  direct  pull  to  be  exerted  on  the  bar 
The  slip  was  measured  by  means  of  an  Ames  extensometer  fastened  to  an 
adjustable  clamp.     The  clamp  fastened  over  the  top  of  the  specimen 
placing  the  instrument  in  such  a  position  that  the  plunger  rested  on 
the  projecting  end  of  the  bar.     Readings  of  load  on  the  bar  were  taken 
ivhile  the  machine  was  running  at  slips  of  O.OOO3  in.,  0.001,  0.C02, 
0.005,  0.01,  0.02,  0.03,  0.075,  and  0.1   in.     The  classification  and 
results  of  all  pull-out  specimens  are  given  in  Table  IX. 
3ube  Tests:     The  cubes  were  tested  in  the  same  machine  used  to  test 
the  pull-out  specimens.     Plaster  of  par is  was  placed  on  the  two  sur- 
Taces  that  were  to  come  in  contact  with  the  bearing  plates  in  order  to 
Dbtain  a  uniform  bearing.     To  insure  an  equal  pressure  a  hemispherical 
Dearing  block  was  placed  on  top  of  the  cube, which  came  in  contact  vrith 
ihe  movable  head ■ of  the  machine  in  testing.     The  maximum  load  only  was 
observed  in  these  tests.    The  results  of  the  cube  tests  are  given  in 
Table  X. 


RESULTS  OBTAINED  AND  DISCUSSION 

1 

Bond  In  Beams  Rolnforced  with  One        In.  Plain  Round  Bar:     The  corn- 
par  iBon  of  bond  in  tho  heaiDs  roinforced  with        in.  plain  rounds  and 
the  corresponding  pull-out  specimens  for  the  same  amounts  of  slip 

will  show  the  relation  of  these  values.     In  the  tests  on  beams  rein- 
1 

forced  with        in.  plain  round  bars,  tho  average  computed  bond  stress 

for  a  slip  of  O.OOC5  in.  at  the  end  of  the  bar,  was  1 70  lb.  per  aq» 

in.;  the  average  for  the  pull-out  tests  corresponding  to  the  same 

beams  was  234  lb.  per  sq.  in.    The  lowest  single  test  of  the  beams 

was  143  lb.  per  sq.   in.  and  for  the  pull-outs  1 70  lb.  per  sq.   in.  Ir 

this  group  only  two  of  the  beams  failed  primarily  by  bond.      As  the 

greater  part  of  the  beams  failed  in  diagonal  tension  the  values  giver 

do  not  agree  as  closely  as  has  usually  been  found  in  tests  of  this 

kind.     The  average  bond  at  the  slip  of  0.002     in.  in  the  beams  was 

196  lb.  per  sq.  in.  and  in  the  pull-out  specimens  329  lb.  per  sq.  in. 

1 

The  bond  in  the  pull-out  tests  ran  about  —  higher  than  that  in  the 
beams  for  the  same  amount  of  slip.     The  maximum  bond  stress  was  211 
lb.  per  sq,   in.  for  beams  and  412  lb.  per  sq.in.  for  pull-out  speci- 
mens.    In  the  beam  tests  the  slip  of  the  bars  at  maximum  load  was 
about  0.004  in.,  while  in  the  pull-out  tests  the  maximum  load  corres- 
ponded to  a  slip  of  about  0.02  in.    This  difference  should  be  borne 
in  mind  in  attempting  to  compare  the  beams  and  pull-out  tests. 

Beams  reinforced  with  one  1-g  im^corru^ated  round  bars:  The  end  slip 

1  1 

of  the  1^  in.  corrugated  bars  was  less  than  that  of  the  l^j;  in.  plain 

round  bars  before  failure  occurred.   The  average  computed  bond  for  a 
slip  of  0.0005  in.  in  the  ceams  .ms  26l   lb.  per  sq.  in.  and  for  the 
pull-out  specimens  259  lb.  per  sq.  in.       In  this  case  there  is  but 
little  difference  between  the  bond  in  the  pull-out  specimens  and  in 
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the  "beams.    The  average  maximuin  "bond  stress  dovo loped  in  the  "boamc; 
was  2^9  per  sq.   in.  and  in  the  pull-out  tests  5^0  lb.  per  sq.  in. 

In  nearly  all  the  beams  tested  the  concrete  cracked  along  a  hori- 
zontal plane  beneath  the  bar  thus  relieving  the  bond  for  a  consider- 
able portion  of  the  length  of  the  bar  noar  the  ends.     In  the  tests 
the  slip  of  the  bar  at  the  end  where  failure  occurred  was  about  O.OOO3 
in.     In  the  pull-out  tests  the  maximuin  load  came  at  a  slip  of  about 
0.05  in. 

Beams  Reinforced  --Tith  Four  rin.  Plain  Round  Bars;     The  beams  rein- 
forced  with  four  ^  in.  plain  round  bars  gave  an  average  bond  stress 
of  151   It*,  per  sq.  in.  at  an  end  slip  of  O.OOO3  in.  and  the  pull-out 
specimens  gave  a  value  of  2^6  lb.  per  dq.   in.     For  an  end  slip  cf 
.0003  in.,the  beams  gave  a  bond  stress  of  151   lt>.  per  sq.   in.  and  the 
pull-out  specimens  gave  a  value  of  2^6  lb.  per  sq.   in.     For  maximuin 
bond  stress  the  beams  gave  1  66  lb.  per  sq.  in.  and  the  pull-out  speci 
mens  421   lb.  per  sq.  in.     The  end  slip  of  the  bar  vras  about  0.0012  in. 
when  failure  occurred  in  the  beams  and  about  0.02  in.  when  the  great- 
est bend  stress  was  developed  in  pull-out  specimens.    These  beams 
failed  by  diagonal  tension. 

The  Relation  of  Depth  of  Concrete  below  the  Steel  to  Shear  and  Bond 
Stresses  in  the  Beams:     The  presence  of  4  in.  of  concrete  instead  of 
2  in.  below  the  center  of  the  steel  did  not  n Tf ect  the  bond  stresses 
developed.     In  each  set  of  three  specimens  there  was  one  beam  that 
gave  a  higher  bond  stress  than  those  that  had  2  in.  of  concrete  be- 
low the  steel,  but  on  the  average  there  was  only  a  slight  difference 
as  is  shown  in  Table  X.     The  principal  method  of  failiore  of  the  beams 
having  the  additional  depth  was  by  diagonal  tension  and  horizontal 
shear  along  the  steel.     In  making  these  beams  it  was  necessary  to 
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suspend  the  reinforcing  bars  on  -wires  attached  to  nails  drivon  ir 
the  top  of  the  form  in  order  to  prevent  settlement  during  the  tamping, 
In  the  other  specimens  tho  bare  vrcre  carried  by  a  lay<^^r  of  ooncrotG 
which  had  been  placed  previously.     The  bars  supported  in  this  way 
seemed  to  take  nearly  all  the  weiglit  of  the  concrete  above, as  tlrfit  below 
settled  in  the  process  of  setting.     This  had  tho  effect  of  allowing 
the  lower  concrete  to  settle  away  from  the  lower  portion  of  tine  bar, 
either  partially  or  v^holly,  and  to  produce  a  plane  of  weakness  in  the 
beam  at  the  level  of  the  lower  surface  of  the  bar.     This  is  the  prob- 
able reason  for  the  horizontal  shear  failures  along  the  reinforcing 
bars . 

Effect  of  Moldinp^  Beams  Upside^  Down;     Three  tea-ts  were  made  with  beam  i 

in  which  the  reinforcement  v:as  placed  with  its  center  10  in.  above 

the  bottom.,  instead  of  1 0  in.  below  the  top  of  the  beam,   in  molding. 

These  tests  gave  an  average  mjaximum  bond  stress  of  131   lb.  per  sq.in. 

The  first  end  slip  started  at  about  90  lb.  per  sq.  in.  bond  stress. 

In  these  beams  all  failures  were  in  bond,  while  those  in  the  other 

tests  were  mostly  in  diagonal  tension.     The  average  maximum  bond  in 

this  case  v/as  13I   lb.  per  sq.  in.  and  in  those  molded  with  the  center 

of  the  steel  10  in.  belov/  the  top  of  the  beam  the  bond  was  211  lb. 

1 

per  aq.  in.,  or  about  —  greater.  The  shear  varied  in  the  same  ratio, 
as  shown  in  Table  X. 

Repeated  Load  Tests:     Six  beams  were  tested  to  determine  the  effect 
of  releasing  and  reapplying  the  load  causing  the  first  end  slip  of 
the  reinforcement.    Three  of  these  tests  were  on  beams  reinforced 
with  one  1^  in.  corrugated  bar,  and  three  were  reinforced  with  one 
'^'^  in.  plain  round  bar.     In  the  tests  on  beams  reinforced  with  1I  in. 
corrugated  bars.  Beam  No.  1066.4  was  accidentally  overloaded  on  the 
sixth  repetition  so  gave  no  definite  results.     Beam  Ko.  IO66.5  was 
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loaded  nine  times  to  10000  lb.  with  practically  no  cl-ianpe  in  tho 
slip.     The  load  was  then  increased  to  14000  lb.     Thin  load  which 
caused  a  slip  of  0.0003  in.  at  the  S  end  was  repeated  250  tiiuoB.  Dur- 
ing the  repetition  of  the  load  of  14000  lb.  corresponding  to  a  com- 
puted bond  stress  of  23^  lb.  per  sq.  in.,  the  slip  increased  very 
slowly  from  0.0003  in.  to  0.0012  in.  at  the  N  end  of  the  bar  and  from 
0  to  0.0013  in.  at  the  S  end.     At  intermediate  points  the  slip  v/as 
greater,  but  it  was  seen  that  at  the  rate  at  v^hich  the  slip  of  the 
bar  was  increasing  a  very  large  number  of  repetitions  would  be  re- 
quired to  produce  failure.    The  load  was  then  increased  to  I60OO  lb. 
(272  lb.  per  sq.  in.  bond  stress).     This  load  was  repeated  I3I  times. 
At  the  123th  application  of  the  1 6OOO  lb.  load  the  slip  at  the  N  end 
had  increased  to  O.OO62  in.  and  at  the  S  end  0.00^4  in.     Upon  releas- 
ing the  load  the  ends  of  the  bars  showed  a  permanent  movement  of 
0.0036  in.  at  the  N  end  and  0.00^7  in.  at  the  S  end.     At  this  time 
owing  to  an  accident  to  the  testing  machine  the  load  was  increased  tc 
1^000  lb.  Avhich  caused  failure  of  the  beam.     The  slip  of  bar  at  dif- 
ferent points  during  the  repetition  cf  the  load  is  shown  in  Fig  . 
It  seems  probable  that  failure  would  have  been  produced  under  a  load 
of  16000  lb.  had  the  repetition  of  this  load  been  continued.     Due  to 
the  time  required  to  test  Beam  No.  IO66.3,  Beam  No.  IO66.6  was  loaded 
until  a  slip  of  O.OOO7  in.  had  been  measured  at  the  end  under  a  load 
of  14000  lb.     This  amount  of  slip  was  in  excess  of  the  amount  which 
would  bear  repetition  of  load  and  the  beam,  failed  upon  the  second  ap- 
plication.    Of  these  three  tests  only  one  gave  the  kind  of  inforrratici 
desired.     If  Beam  No.  IO66.3  is  an  index  of  how  the  others  would  have 
acted,  it  would  be  safe  to  say  that  tiie  beam  reinforced  v;-ith  1^  in, 
corrugated  bars  would  not  fail  by  the  reloading  of  the  load  which 
caused  the  first  appreciable  end  slip  unless  loaded  a  very  large 
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number  of  times. 

Tho  throe  boams  roinfci'cod  with  1^  in.  plain  round  "baro  gavo 
aoraev/hat  better  rooults.     Boain  No.  1 C65 .4  was  loaded  to  1 0OCO  lb. 
which  [^SLve  a  slip  of  C.COO3  in.  at  the  N  end  and  0.0002  in.  a.t  ? 
end.     Thiu  load  wan  released  and  reapplied  179  times.     Failure  oc- 
cured  by  bond  at  the  N  end  upon  the  1  79th  loading.     The  slip  increasej^ 
uniformly  up  to  about  the  H^Oth  loading  -  here  the  slip  began  to  in- 
crease more  rapidly  as  is  shown  by  the  curves  in  Fig.         .     The  curve| 
in  this  figure  also  show  tliat  after  20  repetitions,  the  slip  of  the 
bar  at  the  S  end  and  all  points  along  the  bar  S  of  the  center  of  the 
beam  was  very  slight,  while  all  the  points  except  No.  1 ,  N  of  the 
center  where  measurements  were  taken,  gave  the  same  relative  slip  as 
the  slip  at  the  N  end.     The  maximum  slip  at  the  179th  loading  before 
failure  occurred  v;as  0.01 95  in.  at  the  N  end  and  0.0042  in.  at  the  S 
end . 

Beam  No.  ^063^5  was  loaded  till  the  first  end  slip,  which  oc- 
curred at  2000  lb.     The  load  was  repeated  5  times  and  as  no  further 
slip  occurred  the  load  was  increased  to  12000  lb.     which  gave  an  end 
slip  of  0.0004  in.     This  load  was  repeated  120  times,  when  failure 
by  diagonal  tension  occurred.     In  this  beam  the  slip  was  quite  uniforj^ 
up  to  7c  repetitions,  softer  this  however  the  slip  increased  rapidly. 
In  this  beam  as  in  Beam  No.  1 063 .4  the  slip  of  the  bar  in  the"  S  half 
of  the  beam  was  very  sliglit  while  the  slip  in  the  N  half  was  rela- 
tively the  sarre  as  that  at  the  N  end. 

Beam  No.  IO65.6  was  loaded  to  14000  lb.  giving  a  slip  of  0.0002 
in.  which  caused  an  end  slip  of  O.OOO6  in.  The  beam  failed  by  diago- 
nal tension  at  the  40th  repetition  duo  to  an  overload.  The  slip  up 
to  the  failure  corresponds  quite  closely  to  that  of  the  preceding  twc 
beams.     This  series  of  tests  shows  that  a  beam  reinforced  with  one 


I^r  in.  plain  round  bar  vrould  fail  under  the  repeated  ap]lication  of 
the  load  v.'hic}i  cauaeo  an  end  clip  of  0.0002  to  j0006  in, 
Bulpin/^;  of  Concrote  Below  Reinfcroinfi  Bars:     In  inoi?t  cacofj  there  wao 
evidence  of  the  bulging  of  the  concrete  at  the  time  the  bar  began  to 
slip  at  the  ends.     This  is  not  likely  tlie  cause  of  failure  hov^ever, 
since  the  beams  having  the  4  in.   of  concrete  below  the  steel  did  not 
give  much  higher  bond  stress.     The  shear  and  bond  stresses  are  depend- 
ent on  the  same  elements,  so  they  varied  in  the  same  proportiori. 

CONCLUSION 

The  beams  tested  show  the  corrugated  bar  to  give  the  greatest 
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bond  stress.     The  average  bond  stress  for  the  1^  in.  corrugated  round 
bars,  was  2tl9  lb.  per  sq.   in.,  the  l^j^  in.  plain  round  bars  gave  221 
lb.  per  sq.   in.,  and  the  ^  in.  plain  rounds  gave  an  average  of  1 66  11 • 
per  sq.  in. 

The  addition  of  4  in.  of  concrete  below  the  steel  in  beans  does 
not  give  enougli  extra  bond  resistance  (if  any)  to  warrant  its  use. 
The  failures  of  the  beams  were  by  diagonal  tension  and  horizontal 
shear  and  net  in  bond. 

The  effect  of  molding  beams  upside  down  tends  to  reduce  the  bone 
strength^  due  probably  to  the  concrete  settling  av/ay  from  the  bar. 
The  average  value  of  the  bond  stress  in  the  three  tests  made  was 
131   lb.  per  sq .  in. 

It  is  evident  that  in  the  corrugated  bars  the  loading  which 
causes  the  first  end  slip  would  have  to  be  applied  a  very  large  num- 
ber of  times  before  failure  would  be  produced.     The  number  of  repe- 
titions vrould  probably  run  up  into  the  thousands.     The  repeated  ap- 
plication of  the  load  causing  first  slip  in  beams  reinforced  with 
round  bars  would  probably  cause  failure  at  about  200  repetitions. 
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The  bond  otrops  in  the  beams  was  about  1  Iobb  than  th^t  in  the 
yull-out  tests.     The  verification  of  tliis  may  be  soon  in  Table  X. 

There  is  a  moasurablo     bulging,  of  the  concrete  below  the  rein- 
forcing bar  in  a  beam  at  ..lie  beginning  of  end  slip,  but  as  the  beams 
that  had  4  in.  of  concrete  below  the  bars  did  not  give  much  higher 
bond  stresses  the  theory  tliat  the  bond  fails  by  this  bulging  is  some- 
what discredited  although  it  is  believed  that  it  does  effect  the  bond 
stress  to  some  extent. 
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I 

BRIQUET     TESTS  OF  UNIVERSAL  PORTLAND  CEMENT 

Each  value  is  the 

average  of  five  tests 

Series  No.     Percent  of 
Water 

Penetration      Neat     Cement        1-3  Morter 
mm             7  days  2J?  days     7  days  22  days 

1  22.2 

1  0 

392      712            211  2^3 

2                     25 .5 

9 

1^      Z§1            201  502 

Average 

3^2      73^           206  294 

Ottawa  sand  20-30 

was  used 

in  the  making  of  the  1   to  3  mortar 

By  the  Vicat  test 

the  initial  set  occurred  at  3  hr.  and  the  final 

test  at  6  hr.  23  min. 

These  tests  were  made  by  Mr 

.  B.  L.  Bowling  of  the  Cement  Testing 

Laboratory  of  the  University  of  I 

11 inois . 

TABLE 

II 

MECILANICAL  ANALYSIS  OF  SAND 

Average  of 

five  samples 

Sieve 

No. 

Percent  Passing 

5 

1  00.0 

5 

90.9 

1  0 

69.1 

12 

63.2 

16 

3^.3 

1  g 

42.4 

30 

31  .1 

40 

19.3 

30 

6.3 

74 

2.9 

130 

0.9 

TABLE  III 


IvlECHANICAL  ANALYSIS  OF  STONE 
Average  of  five  samples 
This  table  is  reproduced  from  the  thesis  of 
VI.  W.  Manspeaker  and  A.  W.  Wand 


Size  of  Square 
Opening 

Separat  ion 
Size  Inches 

Percent 
Passing 

1  in. 

1  00.0 

95-5 

66.7 

If 

46.3 

No.  3 

25.9 

No.  5 

0.1  74 

g.1 

No.  10 

0.091 

3  .4 

TABLE  IV 
LIST  OF  TEST  BEAMS 

1   -  2  -  4  Concrete.     Universal  Cement.     All  beams  2x12  in.  in 
section  except  as  otherv/ise  noted,  10  in.  to  oentor  of  steel, 
6  f  t .  6  in.   long,     l^o  stirrups 

Beam  Numbers  Description  of  Reinforcement 

1065.1       1065.2      1065.3      One  l^in.  plain  round 
IC65.4      1065.5      1065.6      l^li^n.  plain  round 

1065.7      1065.9      1065.9      ^Tjiin.  plain  round;  4  in.  of  concrete  be- 
low steel 

■1 

1066.1  1066.2      1066.3      ''"g^^*  corrugated  round 

•1 

1066.4      1066.5       1066.6      1-gin.  corrugated  round 

1066.7      ic66.g      1066.9      ''"gin.  corrugated  round;  4  in.  of  concrete 

below  steel 

1065.^      1067.2      1067.3      4,  ^in.  plain  rounds 

1067. 4      1067.5      1067.6      4,  ^in.  plain  rounds;  4  in.  of  concrete 

^        below  steel 

1 

1062.2  14^^*  plain  round 

T 

1069.1       1069 •2      1069*3      "l^^in.  plain  round;  beam  made  upside  down 


3  pull-out  specimens,  1  flexure  beam,  3  6 in.  cubes",  and 
1   2  X  16  in.  cylinder,  were  made  from  each  batch. 
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LOG  SrlELT 

FOR  A  TYPICAL  PULL-OUT  TEST 

Abrame 
Albright 

No.  1065.9 

l^in.  corrugated  round  bar 

Slip 
in. 

Load 
lb. 

Bond  Stress 
lb.  per  sq.in. 

0 

0 

0 

iooo5 

4300 

137 

.001 

5^00 

1  g4 

.002 

7400 

235 

.005 

91  CO 

290 

.01 

1 0300 

322 

.02 

1  1  000 

350 

.05 

1 0900 

347 

.075 

10600 

33^ 

.1  00 

1  0400 

TABLE  VII 

352 

VALUES  OF  d'  AUD 

OTHER  FUNCTIONS 

USED  IN  COMPUTING 

THE 

BOND  STRESSE 

S  IN  THE  REINFORCED  CONCRETE  BEAMS 

No.  of 

Bars 

Size  of  Bar 

fo  of  Rein- 
forcement 

K      d'     mod'     b  d' 
sq.in. 

Area  of 
Steal 
sq. in. 

1 

plain  round 

1  .534 

.465  ^.45  33.2  67.6 

1 .2272 

1 

corrugated 

round      1 .2425 

.500  g.33  29.4  66.6 

0 .994 

4 

^in. 

plain  round 

1  .657 

.513  ^.29  5^.5  66.3 

1  .7652 
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T5TTT  T  /^TTrn 

rULiJj-  UUl 

f  n  0  0  fTi  0 

1  - 

Concrete 

,  Universal  Portland  Cement,  Graded 

Sand , 

and 

Cruolied 

Limestone 

One  ba 

r  irabeded  S 

in.   in  cylinder  2  in.   in  diameter. 

Reference  Age 
Number        at  Te 
Days 

Bond  in  pounds  per  square  in.  at 
st                          of  (inches) 

JD005    .001    .002   .005    .010   .020  .O3O 

.075 

.10 

Max. 

Bond 
Stress 

1^  in. 

plain  round  bar 

1 065  .1 

65 

170 

1^6  213 

252    290    342  325 

314 

3UT 

194 

213  236 

273    222    227  275 

264 

255 

291 

124 

21  1  2^ 

222    liZ   144  112 

126 

lf!±  ■ 

Av  . 

126 

203  242 

266    292    326  313 

301 

255 

Rat  io  to  Max. 

.567 

.620  .73g 

1 

l2j:  in. 

.210  .910  .995  .956 

plain  round  bar 

.290 

.772 

1 063 .2 

71 

254 

307  342 

401     440    437  406 

272 

-^-^J-O 

302 

352  3^3 

4o6    407    354  359 

246 

It  r\~j 
^l;  / 

220 

122 

122    411    120  - 

— 

ZlI  7 

±11 

Av . 

259 

329  361 

400    420  397 

4-20 

Rat  io  to  Max. 

.615 

.725  .260 
I7-  in. 

.955  1.000  .945 

plain  round  bar 

1 063  .3 

290 

332  35^ 

322    41 6    437  453 

Act 
453 

579 

392  415 

455    4gi     493  442 

415 

ft  r\7 

M-93 

106 

12^    446    116  4^4 

540 

5<£1 

Av  . 

325 

413    44g    4  22  452 

M-o/ 

Rat  io  to  Max. 

.667 

.250  .920  .990  .922 

Reference 
Number 


Age 
at  Test 


TABLK     IX  Continued 

Bond  In  pounds  per  equare  In.  at  rilp 
of  (inchoo) 
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Max . 

Bond 


UIX  J  »-■> 

•l^ \J  ^ ^ 

.001 

.  00? 

.00^ 

.010    .  OT'O 

.  C[)0 

.  075 

.  1 0 

4 
4 

in. 

pla  in 

round  bar 

^  1 J 

^ ^' 

306  400 

370 

^:  00 

257 

307 

334 

360  367 

360 

339 

323 

367 

21  1 

111 

1^ 

120 

41  p"  400 

Hi 

366 

41  0 

Av  . 

247 

30g 

332 

371 

3^9  3S'9 

371 

392 

Patio  to  Max. 

.630 

.7^5 

.^5^ 

.945 

.992  .992 

.945 

in. 

plain  round  bar 

1063.5  64 

1  63 

1  go 

199 

203 

21 1 

214 

1 91  — 

—  21A 

99 

114 

115 

155 

265 

370 

373  — 

312  373 

2^4 

2|4 

^02 

111 

ipo 

302  292 

—  121 

Av . 

1  72 

1  29 

1  99 

203 

262 

292 

229 

299 

Ratio  to  l.'ax. 

.575 

.632 

.665 

.672 

.275 

.996 

.967 

1 

l^^in.  plain  round  bar 


1C65.7  63 

226 

250 

254 

271 

272 

275 

262 

260 

250 

275 

222 

2^1 

254 

272 

227 

279 

25? 

237 

225 

227 

ijc 

1  00 

214 

241 

211 

214 

227 

216 

211 

Av . 

204 

224 

236 

261 

267 

262 

251 

241 

23c 

271 

Rat  io  to  Max. 

.753 

.227 

.270 

.962 

.925 

.990 

.927 

.290 

.250 

1 065 .9 


Av . 

Rat  io  to  Max. 


1 

l^j;  in.  plain  round  bar 

^5          199    216  230  262    227    294    279  264  253  294 

179    211  232  301     312    322    312  302  229  322 

112    1^  211  220    ^22              Hil  l^.  112  110 

172    204  234  224    309    322.  313  301  291  322 

.534  ,634  .726  .221    .960  1^00  .971  .935  .904 


TABLE     IX  Contiriuod 
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ReferencG      Age  Bond  in  pounds  per  DQuaro  in.  at  Slip  Max. 


Number 

at  Test 
Days 

•  UU  1 

of 

( inches ) 
.005  .010 

o7t; 

1 0 

•  1  u 

Bone 
0  Lrot 

in . 

corrugated 

I  ounci  oar 

1  Odd . 1 

2d3 

33  1 

362 

396 

22g 

257 

27s 

315 

352 

3^4  426 

426 

22c 

221 

i24 

m.  Ill 



— 

112 

Av . 

24  9 

270 

300 

334 

399 

399  441 

446 

Ratio  to 

L!ax. 

.557 

.625 

.672 

.74^ 

.2^95 

.^95  •9^9 

xn . 

corrugated 

X  ULU.U  UctX 

1  Odd .2 

63 

^  dd 

404 

461 

^  1  0  ^^2? 

35«3 

J;)  !  c 

223 

299 

322 

345 

376 

406  443 

522 

522 

1P6 

i4i 

412 

457  ^ 

^22 

— 

Av. 

272 

32g 

352 

375 

416 

460  457 

367 

521 

Rat  io  to 

Max. 

.522 

.62g 

.71 1 

.79^ 

.ggl  .^77 

.703 

in . 

corrugated 

rouna  uar 

\  Odd .3 

S/ 

on  ^ 

7  7A 

33^ 

414 

475 

5J6  5/5 

7  r/i 

25^ 

304 

356 

427 

4  go 

510  562 

595 

53c 

595 

272 

J42 

4^ 

^10 

^60  6p2 

61 0 

— 

61  p 

Av  . 

256 

314 

365 

432 

4gg 

533  5^1 

593 

Rat  io  to 

Max. 

.432 

.530 

.615 

.727 

.^24 

.^9^  .9^0 

in . 

corrugated 

r  ounQ  Dar 

1  u  c  0  .  4- 

72 

0  "7  0 

0  0  r( 

323 

353 

j>oo     ^D 1 

^95 

1  U 

240 

25^ 

275 

334 

373 

41 2  452 

413 

^15? 

2^1^- 

2Q6 

m. 

ilZ 

1^  412 

441 

Av . 

23^ 

275 

301 

343 

371 

39^  443 

434 

469 

Ratio  to  Max. 

.507 

.5^6 

.641 

.732 

.791 

.^4^  .946 

.925 

TABLE     IX  Continued 
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Reference      Age  Bond  in  pounds  per  square  in.  at  Clip 

Number        at  Test  of  (inches) 


Bond 


Days 

X)005 

.001 

.002 
in. 

.003 

Gorru 

.01  0 

gated 

.020  .050 

round  "bar 

.073 

.10 

StresE 

1066.7 

63 

2^7 

2^0 

305 

340 

367 

370  334 

2  5?4 

— 

370 

225 

'  256 

266 

293 

320 

32^  361 

396 

333 

396 

1J4 

242 

264 

2^0 

2g6 

1£1  100 

12^. 

327 

122 

Av. 

232 

261 

27s 

304 

324 

334  332 

333 

364 

Ratio  to 

Max. 

.637 

.71  6 

.762 

.^33 

.^90 

.916  .912 

.920 

1 c66.g 


64 


Av . 

Rat  io  to  tiax. 


in. 

corrugated 

r  ound  bar 

214 

239 

231 

260 

266 

276 

31  0 

341  309 

341 

277 

2gg 

290 

2^3 

306 

323 

339 

324  — 

339 

211 

261 

222 

221 

111. 

124 

i62 

41  g  — 

il6 

241 

264 

273 

279 

294 

30g 

370 

361 

372 

.64^ 

.6^3 

.734 

.730 

.790 

.^29 

.993 

.970 

1-^  in.  corrugated  round  bar 


1 066.9 

75 

295 

36^f 

403 

460 

493 

303 

424 

525 

303 

500 

57^ 

444 

322 

363 

600 

633 

645 

363 

643 

212 

21i 

112 

{i^ 

4^4 

116 

11^ 

Av . 

26^ 

555 

401 

475 

313 

340 

352 

36g 

Ratio  to  Max. 

.472 

.3^6 

.703 

.^52 

.906 

.930 

.947 

I 

•  in. 

plain 

round  bar 

1 063  .g 

65 

51  ^ 

5^5 

414 

453 

440 

420 

403 

5^0 

440 

276 

5'^5 

336 

564 

5^7 

594 

522 

569 

594 

251 

221 

2g2 

112 

Hi 

34^ 

lii 

2^ 

IM 

Av . 

2^2 

515 

554 

569 

5^3 

394 

575 

534 

594 

Rat  io  to  Max. 

.713 

.795 

.^46 

.956 

.977 

1/)C0 

.946 

.923 
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EcforcixG      Age  Bond  in  pcundB  y.or  equare  In.  at  flip 

Number        at  Test  of  (inches) 


Max . 

Bond 


Da  ye 

JD005 

.001 

.002  .005 

.01 0 

.020 

.050 

.075 

.10 

Stree 

I 

in.  plain 

r  ound 

bar 

1 067.2 

Si 

320 

111 

417  470 

504 

4g4 

41  g 

— 

50^ 

349 

406 

43S  476 

493 

500 

455  . 

41  g 

500 

ill  ftll 

4g1 

ftSI 

/i  0  z 

AV  . 

423  ^67 

493 

Rat  io  to 

•  /  0  1 

.g4g  .935 

.990 

\ 

in.  plain  round 

bar 

1 C67.3 

73 

250 

260 

271  303 

324 

33c 

330 

31  9 

314 

330 

202 

303 

330  36S 

372 

394 

36g 

340 

319 

394 

2Qg 

112  112 

111. 

122 

116 

346 

J40 

12-2 

Av . 

2^7 

307  334 

345 

365 

351 

335 

324 

369 

Ratio  to 

Wax. 

.77^ 

.^33  .905 

.935 

.9^9 

.951 

.9Cg 

.^7^ 

1 067.4 


Av . 

Ratio  to.  Max. 
1 067.6 


^  in.  plain  round  bar 
4 

64          232    240  — -  —      2^^.  2g4  266  —  2^^ 

266    —  27^  296    302  2^6  25^  —      ■—  302 

249  — -  263  272     26J  264  2^  —      —  222 

249  2^6  27^  253  2^7 

.g6g  .996  .970  .^^2 


^  in.  plain  round  bar 


75  — 


Av . 

Ratio  to  Max. 


303 

303 

29^ 

31  9 

367 

346 

324 

3^3 

2^2 

2g2 

222 

2i2 

519 

31 0 

299 

326 

.972 

.950 

.91  g 

2g 

TABLE     IX  Continued 


Poforonce      A£,c  Bond  in  pounds  per  square  in.  at  niip  Vax* 

Number        at  Test  cf   (incheoj  Bond 


Days 

X)005 

.001 

.002  .003 

.01  0 

.020 

.030 

.073 

.10 

Stre 

in.  plain 

round 

bar 

1 06^.2 

63 

172 

205 

222  233 

264 

266 

236 

241 

— 

266 

194 

245 

272  310 

326 

326 

301 

326 

249 

262 

2^5  319 

336 

343 

332 

314 

502 

^  v>  c_ 

543 

Av  - 

xl  V  • 

20*5 

237 

2Q3  294 

309 

31  2 

296 

312 

T?  p  t  ']  n  fo 

i'.'jax. 

.657 

.940  .942 

IJOOO 

.947 

in.  plain 

round 

bar 

1 069.2 

73 

I4g 

167 

1^4  213 

231 

247 

232 

249 

239 

232 

1  69 

1 

207  236 

263 

274 

2^7 

2^0 

267 

296 

1^6 

212 

2^1  242 

262 

262 

274 

264 

2^ 

m. 

Av . 

16^ 

1 91 

207  233 

233 

263 

271 

26g 

233 

274 

Ratio  to 

Max. 

.614 

.696 

.735  .^50 

.924 

.93^ 

.929 

.977 

.924 

29 

TABLE  X 

SUMMRY 

OF  TESTS 

Strocscc 

are 

given  in 

pounds  per  square 

Inch 

Reference 
Kiimber 

Age 

Beams 
Bond 

Shear 

Pull- 
Av.  of  3 

Age 

out 
Tests 
Bond 

Av. 

Age 

Cubes 

of  3  Tests 
Compressive 
bLrengLn 

1  UOJ)  «  1 

Kid 

0  z  yi 
23^1- 

115 

Oi) 

D/ 

1  O'fU 

1  UD^  •  ci 

lie' 

QP 

7 1 

L.oc\ 

'-vc.Kj 

90 

1  r\(^c.  z 
1  uojp  •  J? 

HZ 

w  1 

2^ 

21  01 

Av. 

70 

221 

1  og 

72 

41  ? 

75 

2007 

1  OO^  .'4- 

0/ 

1  c:  r> 
1  _p  U 

74 

70 

00 

1  uci)  .i» 

1  0  1 

0  0 

0^ 

poo 

(  U  U     •  O 

£- C  0 

111 

22 

P71 

7  c; 
L2. 

9 1  ni 

^  1  vj  1 

Av. 

73 

1^6 

91 

66 

321 

69 

21  25 

1 Ob5  •  / 

123 

^z 

2/1 

"70 

/y 

tiDOU 

1  rv    r  G 

7A 

25/ 

1 00 
1  <dy 

1  n^c;  Q 
1  \J\JJ  •  )7 

1  Qg 

LI 

OIL. 

Av. 

69 

241 

1  20 

74 

2^9 

1  Coo « \ 

d3 

255 

1  1  1 

03 

i\  h  c 

D/ 

1  o^U 

1  Goo  « c: 

d9 

1  L.0 

03 

521 

1    1  7 
1  U  D  O  •  J) 

127 

Av . 

70 

2S9 

127 

71 

520 

67 

2342 

1 C66.4 

65 

2 

12g 

72 

469 

DO 

0  0  0  r\ 

222U 

1 066.5 

71 

135 

63 

521 

^"7 

1 066  .6 

zi 

1  1  R 

Av . 

71 

27^ 

126 

74 

522 

66 

2532 

TABLE    X  Continued 
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Reference  Beams  Pull-out  Cu"beB 

Number  Av .  of  3  Tests  Av .  of  3  Tests 

Age    Bond    Shear        Age  Bond        Age  Compressive 

Strength 


1 C66.7 

61 

1  96 

g6 

63 

364 

79 

2660 

1 066. g 

63 

346 

133 

64 

372 

67 

2055 

1 066.9 

20 

306 

116 

21 

562 

— 

Av . 

65 

2^3 

123 

67 

435 

73 

2337 

1 065 

6g 

171 

151 

63 

394 

74 

261 1 

1 C67.2 

72 

171 

151 

21 

499 

69 

2022 

IC67.3 

§1 

m 

ill 

21 

162 

— 

A.V . 

71 

166 

1  50 

72 

421 

71 

2323 

1 067  .4 

63 

1 1 7 

1  03 

64 

2^7 

64 

1922 

1  o^n  c; 
1      1  » 

/  0 

1  >=;  2; 

4qq 

1      /  .0 

00 

log' 

7^ 

2^ 

Av 

Xl  V  • 

70 

^71 

66 

1  96^ 

1  062^.2 

70 

226 

113 

•  63 

31  2 

1 C69.I 

72 

143 

70 

71 

420 

90 

20g2 

1 069  .2 

71 

157 

72 

73 

274 

— 

1 069.3 

-il 

i6 

21 

122 

Av . 

7^ 

131 

63 

76 

339 

Note : 

No  cylinders  or 

control 

beams  were 

tested , 

Only 

part 

of  the 

cubes 

were  tested. 

Values  of  one  minor  test  piece  corresponding  to  the  same  batch 
as  tv;o  beams  were  used  for  each  beam. 
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